We demonstrate that trypanosomes compromised in flagellar function are rapidly cleared from infected mice. Analysis of the PFR2 bloodstream RNA interference mutant revealed that defective cell motility occurred prior to cytokinesis failure. This validation provides a paradigm for the flagellum as a target for future assays and interventions against this human pathogen.
The African trypanosome Trypanosoma brucei is a flagellated protozoan parasite and the etiological agent of n'gana in cattle and sleeping sickness in humans. Approximately 500,000 cases of sleeping sickness occur annually in sub-Saharan Africa, and the disease is invariably fatal unless treated. Unfortunately, new therapies are desperately needed to replace existing drugs, which are both toxic and associated with drug resistance.
The trypanosome flagellum contains, in addition to a "9ϩ2" microtubule axoneme, a paraflagellar rod, which is a structure of restricted evolutionary distribution that we have shown to be important for motility (2, 3, 5, 8) . Flagellum-mediated motility is used by T. brucei for its migration from the midgut to the salivary glands of its tsetse fly vector, where differentiation into the infectious metacyclic trypomastigote form occurs. However, the role(s) for flagellar motility within the circulatory system of the mammalian host is unclear: removal and internalization of antibodies bound to surface coat proteins (12, 14) could be dependent upon motility, as could migration across the blood-brain barrier or through the vasculature of various tissues. In our hands, in vitro-cultured procyclic and bloodstream form flagellar mutants produce dramatically different RNA interference (RNAi) phenotypes. Procyclic RNAi mutants exhibit defective motility or paralysis, with little, if any, detrimental effect on cell division (1, 3, 5) . However, equivalent cultured bloodstream flagellar mutants exhibit a rapid and catastrophic failure of cytokinesis (5), a result subsequently echoed by other studies (4, 15) . Our analysis of the bloodstream mutant phenotype suggests that cells fail in cytokinesis and twist to form grotesque cells (5) . In other protozoa, such as Tetrahymena thermophila, cytokinetic mutants can be rescuedby physical manipulation (6) . This raises a critical issue of whether the pressures, turbulence, and shear forces of blood flow in mammals may compensate and allow bloodstream trypanosome flagellar mutants to complete cytokinesis and develop normally within a natural host environment. In this context, it is known that turbulent fluid shear stress is powerful enough to affect endothelial cell turnover and release of mitotic cells (7, 20) . Thus, an analysis of flagellar mutants in vivo is a necessary validation test in order to establish flagellar proteins as potential targets for chemotherapeutic development. We therefore sought to extend our studies and determine as a paradigm the effects of a flagellum-specific RNAi within an animal model.
We initially examined the susceptibility of several mouse strains to the noninduced bloodstream PFR2 RNAi mutant (5) and selected the SV129/SvEv strain for subsequent experiments since with these mice no spontaneous clearance of parasitemia was observed. The original T. brucei 90-13 strain from which all our bloodstream RNAi mutants were derived was used in initial infections to ascertain the kinetics of the parasitemia (Fig. 1A) . We then inoculated (intraperitoneal injection) eight 10-week-old female mice with 10 5 parasites of the PFR2 RNAi-inducible mutant. We followed the resulting parasitemia by determining cell density in blood obtained from tail bleeds. Seventy hours postinfection, when mice exhibited a noticeable parasitemia (ϳ5 ϫ 10 7 cells ml Ϫ1 ), doxycycline was added to the drinking water (supplemented with 5%, wt/vol, sucrose) of four mice (200 g ml Ϫ1 ). In mice not provided with doxycycline a humane end point (10 9 parasites ml Ϫ1 ) was reached within 96 h. In contrast, addition of doxycycline even at high parasitemia resulted in a rapid clearance of circulating parasites (Fig. 1B) with kinetics (within ϳ16 h) that were comparable to those for the appearance of the previously reported in vitro phenotype (5) . Cells counted displayed normal morphology, suggesting that once they began to display abnormalities they were removed rapidly from the circulation. No recrudescence was observed in the subsequent 7 days. Thus, effective flagellar function is essential for viability in vivo, just as it is in cultured PFR2 bloodstream RNAi parasites, and is absolutely necessary for cytokinesis. The early in vitro RNAi phenotype that we described previously (5) involved incomplete ingression of a cleavage furrow and failure of cytokinesis. The in vivo experiments described here indicate that blood flow and blood vessel turbulence and shear forces provide no assistance for cytokinesis completion in flagellar RNAi mutants.
New flagellum construction precedes cytokinesis. Thus, we performed further experiments using cultured bloodstream parasites with the aim of formally demonstrating that a motility defect preceded a failure in cytokinesis. Several parameters complicate the interpretation of data from any experiment of this nature. (i) RNAi can be induced only within asynchronous populations, which means that mRNA degradation will initiate ec.asm.org in parasites that are at different points in the cell division cycle.
(ii) We have already shown that the presentation kinetics of cytokinesis defects differs between RNAi mutants (e.g., PFR2 verses TAX-1 [5] ), which may reflect the relative severity of the motility defect and hence the ability of cells to complete cytokinesis early in the induction when only the new flagellum lacks the RNAi target. (iii) With current technology it is very difficult to ascertain whether subtle changes in the effective motility of bloodstream T. brucei occur during the cell division cycle of wild-type parasites. The key question to ask, while recognizing these caveats, is if cell population motility was compromised before cytokinesis failure. An extensive series of motility analyses were made using established methods (5, 8) on the PFR2 bloodstream RNAi mutant, which presents its cytokinesis defect within 10 h of RNAi induction. We determined that at 5 h postinduction (i.e., before the appearance of significant numbers of multinucleate or even postmitotic cells possessing two flagella) motility was significantly compromised in induced populations compared with the noninduced controls (Fig. 2) . These data are persuasive that the cytokinesis failure of bloodstream T. brucei flagellar RNAi mutants occurs as a consequence of defective motility. Cytokinesis defects have been observed in several bloodstream mutants induced for RNAi against different cell cycle regulatory proteins (9-11, 13, 16, 18, 19) . In the example of the T. brucei RACK1 homologue, the induced mutant is not viable in mice (16) . Similarly, RNAi directed against the protective variant surface glycoprotein coat results in rapid arrest at a precytokinesis point, and induced cells are also not viable in mice (17) . All the available data therefore suggest that in postmitotic cells a variety of delays in, or aberrations during, cytokinesis leave trypanosomes particularly vulnerable to clearance by the host immune system. This is likely to have consequences for how the timing of cell cycle events and checkpoints has evolved in this morphological form. Our results provide a contrast to those obtained with the ciliate Tetrahymena thermophila, where mechanical force can rescue a cytokinesis defect present in mutants that are unable to assemble cilia (6) . Moreover, the efficient clearance reported here of the induced PFR2 bloodstream RNAi mutant from a relevant animal model completes a reverse genetic validation revealing that effective flagellar function is essential for cell morphogenesis and proliferation and that inhibition of flagellar function is likely to provide a novel credible avenue for future drug development against African sleeping sickness.
